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Honeybeea b s t r a c t
To date, there are only few reports of immediate early genes (IEGs) available in insects. Aiming at
identifying a conserved IEG in insects, we characterized an Egr homolog of the honeybee (AmEgr:
Apis mellifera Egr). AmEgr was transiently induced in whole worker brains after seizure induction.
In situ hybridization for AmEgr indicated that neural activity of a certain mushroom body (a higher
brain center) neuron subtype, which is the same as that we previously identiﬁed using another non-
coding IEG, termed kakusei, is more enhanced in forager brains. These ﬁndings suggest that Egr can
be utilized as an IEG in insects.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Immediate early genes (IEGs) are useful markers for neural
activity and are widely used in neurobiological studies of verte-
brates [1–3]. Only a few studies to date have reported neural IEGs
of insect origin (i.e.), c-fos/fra (fos related antigen) in the cricket
(Acheta domesticus) [4,5] and c-jun [6,7] in the honeybee. The
actual applicability of c-fos/fra and c-jun to activity mapping is
unclear, however, because in most cases, the induction of these
genes upon neural excitation has not been prominent [4–7]. We
previously identiﬁed a novel IEG, termed kakusei (‘awakening’ in
Japanese), in the European honeybee (Apis mellifera L.) and showed
that a mushroom body (MB, a higher center in the insect brain)
neuron subtype is active in the brains of foragers, suggesting that
this neuron subtype is involved in sensory information processing
during the foraging ﬂight [8]. This IEG, kakusei, encodes a non-cod-
ing nuclear RNA, however, and is not conserved among various
insect species [9,10].
To identify an IEG that is widely conserved and thus applicable
among various insects, we focused on ﬁnding a homolog of Egr-1
(early growth response protein 1, also known as zif268, Krox-24,
NGFI-A, TIS8, and ZENK in vertebrates) [11] in the honeybee.
Egr-1 encodes a transcription factor with a DNA-binding domain
comprising unique three tandem Cys2His2 zinc ﬁnger motifs [12].
Egr-1 was originally identiﬁed as an IEG based on its response toserum treatment in mouse ﬁbroblasts [13], as well as to nerve
growth factor treatment in rat PC12 cells [14]. Subsequent studies
revealed that Egr-1 is also induced in the nervous system by neural
activity [15]. Since then, Egr-1 has been widely utilized as a neural
activity marker to identify brain regions relevant to speciﬁc behav-
iors and learning processes in vertebrates [16–23].
In the present study, we show that the honeybee Egr homolog
(AmEgr) is transiently and prominently induced in the worker
brains after seizure induction. Furthermore, in situ hybridization
showed an increased signal for AmEgr in forager brains in the same
MB neuron subtype previously identiﬁed using kakusei. These
ﬁndings indicate that an Egr homolog can be utilized as a neural
activity marker even in the honeybee.
2. Materials and methods
2.1. Bees
European honeybee (A. mellifera L.) colonies were purchased
from a local dealer and maintained at The University of Tokyo.
Nurse bees and foragers were collected according to their
behaviors, as described previously [24].
2.2. Isolation of AmEgr cDNA
The cDNA sequence of GB15421 was ampliﬁed by reverse tran-
scription-polymerase chain reaction (RT-PCR) with total RNA
isolated from seizure-induced worker brains [10] and primers
Fig. 1. Comparison of the domain structure of AmEGR with that of other EGRs. (A) Schematic structures of members of the EGR-family from Mus musculus (Mm) and three
invertebrate species: Apis mellifera (Am), Drosophila melanogaster (Dm), and Caenorhabditis elegans (Ce). The three conserved zinc ﬁngers are represented by the black boxes.
Numbers indicate the positions of amino acid residues. (B) Magniﬁed view of a worker honeybee in the experimental set-up. Two staples are ﬁtted into the bee’s neck and
petiole (arrows). White arrowhead indicates the drug injection site (median ocellus). (C) The results of quantitative RT-PCR showing AmEgr expression in the MBs of Ringer
injected and PTX-injected bees. A worker honeybee was used per lot. The number of lots analyzed was shown in parentheses. Student’s t-test was used for analysis
(⁄⁄P < 0.01). All data are shown as the means ± SEM. (D) The results of quantitative RT-PCR showing AmEgr expression in the whole brains of the bees at 0 and 30 min after
seizure induction (shown as Sz-induced 0 and 30 min, respectively) and maintained under anesthesia continuously for 30 min (Anesthesia 30 min), and without anesthesia or
seizure induction (Intact). Two worker honeybees were used per lot. The number of lots analyzed was shown in parentheses. Multiple comparisons were conducted using
Tukey–Kramer’s test (⁄⁄P < 0.01). All data are shown as the means ± SEM.
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GB15421: 50-AAAAGCTGCGGAATTCGTTTTTCCTTTCTCCTCCT-30
and 50-ACTAGTCTAGCGGCCCTGGTGGAGATCGACGGTAT-30. Three
zinc ﬁnger motifs were identiﬁed by a SMART (http://smar-
t.embl-heidelberg.de/) search. Alignments of protein sequences of
EGR homologs were generated using ClustalX software.
2.3. Quantiﬁcation of the AmEgr transcript
Under ice-cold anesthesia, worker honeybees randomly col-
lected from a beehive and kept in a plastic insect cage overnight
at room temperature were ﬁxed to small corkboards with staples
to immobilize their heads. The bees were left at room temperature
for 3 h to allow them to completely recover from ice-cold anesthe-
sia. Picrotoxin (1 ll of 500 lM dissolved in honeybee Ringer
solution [25]) or Ringer solution alone (control) was injected into
the brain through the median ocellus using a ﬁne glass capillary.
The bees were then set free and kept at room temperature. After
30 min, they were anesthetized in ice-cold water and the MBs were
dissected out. Quantitative RT-PCR was performed with Light Cy-
cler (Roche, Nutley, NJ) and SYBR Premix Ex TaqII (Tli RNaseH Plus)
(TaKaRa, Tokyo, Japan), according to the manufacturer’s protocol
with gene-speciﬁc primers (AmEgr; 50-GAGAAACCGTTCTGCTG
TGA-30 and 50-GCTCTGAGGGTGATTTCTCG-30; rp49; 50-AAAGAGA
AACTGGCGTAAACC-30 and 50-CAGTTGGCAACATATGACGAG-30).
The seizure-induction experiment was performed as described
previously [10].
To test whether AmEgr expression observed in the forager brain
is neural activity (foraging experience)-dependent, we ﬁrst col-
lected nurse bees and foragers from a hive based on their behaviors[24]. The foragers and nurse bees were then divided into two
groups, and the MBs were immediately dissected out of half of
each group. The second half of each group was maintained in a
plastic insect cage in a dark incubator for 5 h to suppress AmEgr
expression and then their MBs were dissected out. To quantify
AmEgr pre-mRNA, two primers were designed within the intron
(50-ATCCCTTGCGTACACACCTC-30 and 50-AATCGCACCAGATTCC-
ACTC-30). The amount of AmEgr transcript was normalized with
that of rp49 (GenBank: AF441189.1). Statistical analyses were con-
ducted by Student’s t-test, Tukey–Kramer’s test, Dunnett’s test, or
two-way ANOVA using Statcel2 (OMS, Saitama, Japan). The rp49
expression levels did not differ signiﬁcantly among groups in any
experiment (data not shown).
2.4. In situ hybridization and quantiﬁcation of the density of AmEgr
signals in brain areas
The AmEgr intron fragment was ampliﬁed with two primers;
a forward primer, the same as that used in quantitative RT-
PCR, and a reverse primer; 50-GCTTGTCGCGGATCAATACT-30 using
genomic DNA extracted from the thorax of the worker honeybee.
In situ hybridization was performed with digoxigenin (DIG)-la-
beled riboprobes and TSA Biotin System (PerkinElmer, Salem,
MA), as described previously [10]. For quantiﬁcation, we ran-
domly selected in situ hybridization sections that contained the
MB pedunculus and DLs (as in the schematic drawing shown
in Fig. 3B-2) for each experiment. The number of AmEgr pre-
mRNA signals in the lKCs or sKCs was manually counted and
normalized to the total number of the lKCs or sKCs somata in
each section, respectively.
Fig. 2. Time-course analyses of AmEgr transcript expression in response to seizure
induction. (A) Time-course of AmEgr mRNA expression investigated by quantitative
RT-PCR after seizure induction. Asterisks indicate signiﬁcant difference compared to
the bees at 0 min (⁄⁄P < 0.01; Dunnett’s test). (B) Time-course of the AmEgr pre-
mRNA expression investigated by quantitative RT-PCR after seizure induction.
Asterisks indicate signiﬁcant difference compared to the bees at 0 min (⁄P < 0.05;
⁄⁄P < 0.01; Dunnett’s test). Quantitative RT-PCR was performed using the same
sample set in both experiments. (C) Time-course of early phase of AmEgr pre-mRNA
expression after seizure induction. Asterisks indicate signiﬁcant difference com-
pared to the bees at 0 min (⁄⁄P < 0.01; Dunnett’s test). Two worker honeybees were
used per lot. The number of lots analyzed was shown in parentheses. All data are
shown as the means ± SEM.
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3.1. Identiﬁcation and characterization of AmEgr as a neural activity-
regulated gene
To identify a honeybee homolog of Egr, we searched for an Egr-1
homolog in the honeybee genome database and found that
GB15421 could encode a protein (LOC726302, XP001122050.2)
with three tandem zinc ﬁnger domains that has signiﬁcant se-
quence identity (83%) with the corresponding region of mouse
EGR-1. To determine the amino acid sequence of the GB15421
product, its putative open reading frame was isolated by RT-PCR
using primers designed based on the 50 and 30 untranslated regions.The GB15421 product was 584 amino acids in length. The zinc ﬁn-
ger domains of this protein had signiﬁcant sequence identity (more
than 75%) with corresponding regions of EGRs from mouse (EGR-1,
NP031939.1; EGR-2, NP034248.2; EGR-3, NP061251.1; EGR-4,
NP065621.1), fruit ﬂy (STRIPE, NP001262693.1), and nematode
(EGRH-1, NP510462.2) (Fig. 1A and Supplementary Fig. 1). We
named this identiﬁed gene AmEgr (A . mellifera Egr; GenBank:
KC986376). As there are no other genes that encode proteins that
exhibit sequence similarity with AmEgr in the honeybee genome
database, we concluded that AmEgr was the only Egr family mem-
ber in the honeybee.
In mammals and birds, Egr-1 expression is induced in brains
30–60 min after treatment with pentylenetetrazol or picrotoxin
(PTX) [26–28], both of which are GABAA receptor antagonists
[29]. PTX also acts as an ionotropic GABA receptor blocker in the
honeybee MBs [30]. Therefore, to examine whether AmEgr is
induced in the brains of worker honeybees treated with PTX, we
injected 1 ll of 500 lM PTX into the brains of awake immobilized
honeybees through the median ocellus (Fig. 1B) and used quantita-
tive RT-PCR to quantify the AmEgr transcript in the MBs 30 min
after PTX injection. The amount of AmEgr transcript increased
approximately 3-fold in PTX-injected bees in comparison with
Ringer solution-injected bees (Fig. 1C). We previously reported
that the honeybee neural IEG kakusei is induced approximately
4-fold in bees 15 to 30 min after seizures induced by awakening
from CO2-induced anesthesia [8]. Expression of the AmEgr tran-
script in the honeybee brain was induced approximately 6-fold
upon seizure induction (Fig. 1D). These results strongly suggest
that, like its vertebrate homologs, AmEgr is increased in response
to neural activation.
3.2. Time-course analyses and visualization of neural activity by
detection of the AmEgr transcript
Next, we analyzed the time-course of AmEgr expression in
response to seizure induced by awakening from anesthesia.
Quantitative RT-PCR revealed that AmEgr is transiently induced
approximately 10-fold, peaking at 30–60 min after seizure induc-
tion (Fig. 2A). Further quantitative analysis using the primer set
designed to amplify the intron sequence of AmEgr revealed that
the AmEgr pre-mRNA is transiently induced approximately 30-fold,
peaking at 15 min after seizure induction (Fig. 2B and C). These re-
sults suggest that both AmEgr mRNA and pre-mRNA are applicable
for detecting neural activation, while pre-mRNA detection is more
suitable for detecting neural activity with higher temporal resolu-
tion and sensitivity.
To examine whether AmEgr pre-mRNA can actually be used as a
neural activity marker in the honeybee brain, we performed in situ
hybridization using worker samples at 0 and 15 min after seizure
induction by awakening from anesthesia and DIG-labeled anti-
sense riboprobe designed to correspond to a part of the intron. In
the seizure-induced bees, a large number of dotted signals of
AmEgr pre-mRNA was detected in the somata of neurons in several
brain regions, including antennal lobes (ALs), MBs, optic lobes
(OLs), and the area between dorsal lobes (DLs) and OLs (Fig. 3K–
R). In contrast, only a few positive cells were observed in the brains
of the bees at 0 min after seizure induction (Fig. 3C–J). Dot-like sig-
nals, which seemed to reﬂect nuclear localization of the AmEgr pre-
mRNA, enabled the detection of individual AmEgr-positive neurons
with high spatial resolution. Quantitative RT-PCR using RNAs ex-
tracted from MBs, OLs, and the other brain regions conﬁrmed that
both AmEgrmRNA and pre-mRNAwere induced in all brain regions
tested after seizure induction, while the highest increase in expres-
sion was detected in the MBs (Supplementary Fig. 2). No dot-like
signals were observed in sections hybridized with sense probes
Fig. 3. Detection of AmEgr pre-mRNA expression in the worker brain by in situ hybridization. (A) Schematic diagram of the lateral view of a worker brain. Areas colored in
light orange indicate neuropil regions. D, dorsal; V, ventral; R, rostral; C, caudal. MB, mushroom body; AL, antennal lobe; and SOG, subesophageal ganglion. Green and blue
lines indicate the position of sections analyzed in this experiment. (B) Schematic diagram of a rostral (B-1) or middle (B-2) right brain hemisphere of the worker honeybee.
Areas colored in light grey indicate brain areas where the somata of neurons are located. Magenta squares correspond to brain areas whose in situ hybridization results are
presented in the panels below. M, medial; L, lateral; OL, optic lobe; DL, dorsal lobe. (C–Z) Expression analysis of AmEgr pre-mRNA by in situ hybridization using coronal brain
sections of workers at 0 (C–J) or 15 min (K–R) after seizure induction hybridized with anti-sense probes, or 15 min after seizure induction hybridized with sense probes (S–Z).
The upper panels (C, K, and S), upper-middle panels (E, M, and U), lower-middle panels (G, O, and W), and lower panels (I, Q, and Y) correspond to AL, MB, OL, and the area
between the DL and OL, which are boxed in (B). Bars indicate 100 lm. (D, F, H, J, L, N, P, R, T, V, X, and Z) Magniﬁed views of the regions delineated by dotted lines in panels (C),
(E), (G), (I), (K), (M), (O), (Q), (S), (U), (W), and (Y), respectively. Yellow arrowheads indicate AmEgr pre-mRNA signals. Bars indicate 10 lm.
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Fig. 4. Neural activity in the MBs of forager and nurse bee. (A) Schematic diagram of the lateral view of a bee brain. Blue line indicates the position of sections analyzed in this
experiment. (B) Schematic diagram of a middle right brain hemisphere of the worker honeybee. Two cup-shaped neuropils in the MB are calyces. Magenta square corresponds
to brain area whose in situ hybridization results are presented in the panels below. (C–F) Expression analysis of AmEgr pre-mRNA in the MBs by in situ hybridization using
coronal brain sections of the foragers or the nurse bees. (C and E) Pairs of dotted orange lines indicate boundary between the lKCs and the sKCs, and the somata of the sKCs are
located in the sandwiched area between the pairs of the lines. Bars indicate 100 lm. (D and F) Magniﬁed views of the regions delineated by dotted lines in panels (C) and (E),
respectively. Bars indicate 10 lm. (G) Quantiﬁcation of AmEgr-positive cells in the lKCs or the sKCs in foragers or nurse bees. Student’s t-test was used for analysis (⁄P < 0.05;
n.s. = non-signiﬁcant). All data are shown as the means ± SEM. (H) The results of quantitative RT-PCR showing AmEgr pre-mRNA expression in the MBs of foragers, nurse bees,
foragers kept in dark for 5 h, and nurse bees kept in the dark for 5 h. A worker honeybee was used per lot. The number of lots analyzed was shown in parentheses. Multiple
comparisons were conducted using Tukey–Kramer’s test (⁄⁄P < 0.01). All data are shown as the means ± SEM.
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IEG to identify active brain regions in the honeybee.
3.3. Detection of neural activity in the forager brains
We previously used kakusei to show that the neural activity of
the small-type Kenyon cells (sKCs), one subtype of the MB intrinsic
neurons, is increased in the brains of foragers, whereas MB neurons
are not signiﬁcantly activated in the bees engaged in nursing their
brood (nurse bees) [8]. Therefore, we examined whether the same
neural activity could be detected in the forager brain by in situ
hybridization using AmEgr as a neural activity marker. In the
MBs of foragers, many more dotted signals were detected in sKCs,
whose somata are located in the inner core of the MB calyces,
whereas fewer signals were detected in the large-type Kenyon cells(lKCs), whose somata are located at the both edges inside of the
calyces (Fig. 4C and D). In addition, only a few signals were de-
tected in the MBs of the nurse bees (Fig. 4E and F). The number
of AmEgr signals was approximately for 4- to 6-fold higher in both
lKCs and sKCs in the forager brains compared with those in nurse
bee brains. Furthermore, in the forager brains the number of AmEgr
signals in sKCs was approximately 2-fold higher than that in lKCs
(Fig. 4G).
We also questioned whether AmEgr expression in forager brains
is neural activity-dependent rather than age-dependent. To ad-
dress this question, we expected that if the increased AmEgr
expression in the MBs of the foragers is actually neural activity-
dependent, the AmEgr expression level would decrease to basal
levels, almost equivalent to that in nurse bee brains, when foragers
were maintained for 5 h in an insect cage, because the increased
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within 2 h after neural excitation (Fig. 2B). In this experiment,
the AmEgr expression level was approximately 2-fold higher in
forager brains than in nurse bee brains (Fig. 4H), consistent with
the results of the preceding experiment (Fig. 4G). The expression
level decreased within 5 h to almost the same level as that in the
nurse bee brains. Finally, we found that upon seizure induction
AmEgr upregulation occurred not only in the forager brains, but
also in the nurse bee brains (Supplementary Fig. 3). Our ﬁndings
further support our previous notion that neural activity is more
predominant in sKCs than in lKCs in the forager brains [8], and
demonstrate that AmEgr is also applicable for detecting behavior-
induced neural activity in the honeybee brain.
4. Discussion
In the present study, we demonstrated that AmEgr can be used
as a neural IEG, even in the honeybee. Our identiﬁcation of AmEgr
as a neural IEG is based on the following ﬁndings: (1) AmEgr en-
codes a protein that has highly conserved zinc ﬁnger domains like
those of EGRs from various animals, and is present as a single gene
in the honeybee genome, indicating that AmEgr represents the
honeybee Egr ortholog. (2) AmEgr was induced in worker brains
after PTX-treatment (Fig. 1C), like mammalian and avian Egr-1s.
AmEgr was also induced in worker brains upon seizure induction
by awakening from anesthesia (Fig. 1D), like kakusei. (3) Expression
of AmEgr mRNA and pre-mRNA peaked at 30–60 min, and 15 min
after induction (Fig. 2A and B), respectively, which coincides well
with previous reports on mammalian and avian Egr-1s [26,28].
(4) AmEgr pre-mRNA was detected in various worker brain regions
after seizure induction (Fig. 3), like kakusei [8]. Based on these ﬁnd-
ings, we conclude that AmEgr is a neural IEG and can be utilized as
a neural activity marker in the honeybee.
Importantly, in situ hybridization analysis for AmEgr indicated
that the neural activity is more predominant in sKCs than in lKCs
in forager brains, consistent with our earlier ﬁndings using kakusei
as an IEG [8]. Quantitative RT-PCR further conﬁrmed that increased
AmEgr expression in the MBs of the foragers was behavior-depen-
dent rather than age-dependent (Fig. 4H). These results conversely
supported our previous notion that the expression of kakusei,
which encodes a non-coding nuclear RNA [8], reﬂects neural activ-
ity and can also be utilized as a neural activity marker. AmEgr pre-
mRNA was induced within 15 min after seizure induction (Fig. 2B),
like kakusei [8], suggesting that both of them are induced immedi-
ately after neural excitation in the honeybee brain.
Recently, Lutz and colleagues [31] reported the identiﬁcation of
Egr from the European honeybee and its application as an IEG to
detect neural activity in the brains of pre-foragers that exhibited
orientation ﬂights [31] (this work was published during the review
process of our present study). Lutz et al., however, did not examine
the detailed characteristics of AmEgr as a neural IEG. In addition,
they did not use Egr to detect neural activity in the brains of forag-
ers, which might be related to the neural basis underlying the
‘dance communication’ of the worker honeybee. On the other hand,
Lutz and colleagues reported that the neural activity of the whole
KCs in the MBs is upregulated in the brains of pre-foragers that
exhibited orientation ﬂights, which is also consistent with our pre-
vious study using kakusei as an IEG [8], further supporting that
kakusei has characteristics as an IEG.
We speculate that Egr-family genes that exhibit an immediate
early response upon neural excitation are widely conserved among
various insect species besides European honeybees. We expect that
the ﬁndings of the present study, together with those of Lutz and
colleagues [31], broaden the framework for the application of Egr
homologs for neural activity mapping studies from vertebrates to
insects as a universal technique in behavioral neuroscience.Acknowledgment
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